Objective: Anal cancer incidence is high in HIV-infected MSM. Screening for anal intraepithelial lesions and cancers is performed at specialized clinics and relies on highresolution anoscopy (HRA) and anal cytology. Both approaches have limited reproducibility and sensitivity for detecting anal cancer precursors. We evaluated biomarkers for human papillomavirus (HPV)-related disease in a population of HIV-infected MSM.
Introduction
Anal cancer is uncommon in the general population, with annual incidence rates of about 2/100 000 in the United States. However, the risk of anal cancer is substantially increased in certain populations, such as MSM, and human immunodeficiency virus (HIV)-infected men and women. In MSM, anal cancer rates are estimated to be 40/100 000. The risk of anal cancer may be two-fold to four-fold higher in HIV-infected MSM than in HIVuninfected MSM [1] . An increase in anal cancer annual rates among HIV-infected men has been reported after introduction of HAART [2] .
It is widely recognized that most anal cancers and anal cancer precursor lesions [anal intraepithelial neoplasia grade 3 (AIN3)] are caused by persistent infections with carcinogenic human papillomaviruses (HPVs), analogous to cervical cancers and cervical precancers [3, 4] . Cervical cancers develop over decades from HPV infection in the squamo-columnar transition zone, through viral persistence, progression to precancer, and invasion [5] . The possibility to detect and treat cancer precursors and the long time before precancer becomes invasive has made cervical cancer screening programs possible. Where effective cervical cancer screening programs have been implemented, substantial reductions in cervical cancer incidence have been observed [6] .
Thus, screening for anal cancer in high-risk populations such as HIV-infected MSM may lead to effective secondary anal cancer prevention. In fact, anal cancer screening among high-risk populations is already practiced at specialized centers. Screening, currently, strongly relies on high-resolution anoscopy (HRA), a direct visual method that has limited sensitivity for detecting anal precancer [7, 8] . Anal cytology is increasingly used for screening of high-risk populations, but may be hampered by limited sensitivity similar to cervical cytology [9] .
Although much less studied, it is conceivable that the key steps in anal carcinogenesis are similar to those that are well defined in the cervix. Most cervical HPV infections clear after a short period or at least become undetectable; a small subset persists and may develop from a transient to a transforming infection that is characterized by increased expression of HPV oncogenes. Therefore, several promising biomarkers that identify transforming infections and precancer of the cervix, such as HPVE6/E7 mRNA detection and p16/Ki-67 staining [10] , might be similarly useful for clinically important anal infections. Also, in the cervix, HPV16 and HPV18 are the most carcinogenic types; infections with HPV16 are associated with a high enough immediate risk of cervical intraepithelial neoplasia grade 3 (CIN3) that referral to colposcopy may be warranted [11] . There is some evidence that HPV16 may cause an even greater proportion of anal cancers than it does cervical cancers [12] .
Here, we evaluated several biomarkers including HPV DNA testing, HPV DNA genotyping for HPV16 and HPV18, HPVE6/E7 mRNA testing, and p16/Ki-67 staining in a population of HIV-infected MSM enrolled at an anal cancer screening clinic in the Kaiser Permanente Northern California Health Maintenance Organization.
Methods

Study population
The study was based at the San Francisco Kaiser Permanente Northern California (KPNC) Anal Cancer Screening Clinic. We enrolled men who were identified as HIV-infected through the Kaiser HIV registry, who were 18 years or older, who were not diagnosed with anal cancer prior to enrollment, and who provided informed consent. In total, 363 men were enrolled between August 2009 and June 2010. The study was reviewed and approved by the institutional review boards at KPNC and at the National Cancer Institute. All participants were asked to complete a self-administered questionnaire to collect risk factor information. Additional information on HIV status and medication, sexually transmitted diseases, and histopathology results were abstracted from the KPNC clinical database. For 86 of the 271 patients who had no anal intraepithelial neoplasia grade 2 (AIN2) or AIN3 identified at the enrollment visit, follow-up information from additional clinic visits up to December 2011 was available and included in the analysis to ensure good ascertainment of prevalent disease, as anoscopy has less-than-perfect sensitivity.
Cytology, anoscopy, and histology
During the clinical examination, two cytology specimens were collected by inserting a wetted swab into the anal canal up to the distal rectal vault and withdrawing with rotation and lateral pressure. Both specimens were transferred to PreservCyt medium (Hologic, Bedford, Massachusetts, USA). A third specimen was collected for routine Chlamydia trachomatis and Neisseria gonorrhea testing. After specimen collection, participants received a digital rectal examination followed by HRA. All suspicious-appearing lesions identified in HRA were biopsied and sent for routine histopathological review by pathologists at the KPNC. From the first specimen, a ThinPrep slide (Hologic, Bedford, Massachusetts, USA) was prepared for routine Pap staining and reviewed by two cytopathologists (T.M.D. and D.T.). Cytology results were reported analogous to the Bethesda classification for cervical cytology [13] , using the categories negative for intraepithelial lesion or malignancy (NILM), atypical squamous cell of undetermined significance (ASC-US), atypical squamous cells -cannot exclude high-grade lesion (ASC-H), low-grade squamous intraepithelial lesion (LSIL), high-grade squamous intraepithelial lesions AIN2 (HSIL-AIN2), and HSIL-AIN3. We observed moderate agreement between two independent expert cytology reviews [14] . In this analysis, we report the primary cytology result from KPNC pathology. Histology results were reported as negative, condyloma acuminata, and AIN grades 1-3.
Human papillomavirus DNA testing
Both HPV DNA tests, Cobas 4800 and Linear Array, were conducted from the second container by Roche (Pleasanton, California, USA) blinded to all study data. To prepare DNA for both linear array and Cobas, automated sample extraction was performed as follows: 500 ml of the PreservCyt specimen was pipetted into a secondary tube (Falcon 5-ml polypropylene roundbottom tube, 12-by-75-mm style, nonpyrogenic, sterile). The tube was capped, vortexed, uncapped, placed on the x-480 specimen rack and loaded onto the x-480 sample extraction module of the Cobas 4800 system. The x-480 extraction module then inputs 400 ml of this material into the specimen preparation process. Testing for Cobas 4800 and Linear Array was performed as previously described [15] . Both tests use amplification of the globin gene as control for presence of sufficient DNA. Four samples without globin amplification were considered invalid and excluded from the analysis.
RNA proofer human papillomavirus mRNA testing HPV mRNA testing was conducted from the second container by NorChip (Klokkarstua, Norway) blinded to all study data. DNA/RNA was isolated from 5-ml PreservCyt specimens by using the NucliSENS easyMAG system (bioMerieux, Marcy l'Etoile, France). The mRNA testing was conducted with detection of HPV E6 and E7 from mRNA HPV 16, 18, 31, 33, and 45 by real-time multiplex NASBA using the PreTect HPV-Proofer assay (NorChip AS, Klokkarstua, Norway) according to manufacturer's instructions. In order to avoid false negatives due to degradation of mRNA, primers and probes against human U1A mRNA are included in the PreTect HPV-Proofer kit as a performance and integrity control.
CINtec and p16/Ki-67 testing
The p16/Ki-67 dual staining was performed from the first container by Roche MTM Laboratories (Heidelberg, Germany) blinded to all study data. A second cytology slide was prepared from the residual PreservCyt material using a T2000 slide processor (Hologic). Immunostaining of anal cytology slides for p16/Ki-67 was performed using the CINtec PLUS Kit (Roche MTM Laboratories) according to the manufacturer's instructions. Slides that did not meet the squamous cellularity criteria as specified in the Revised Bethesda 2001 Cervical Cytology Classification system for reporting anal cytology were excluded from evaluation. A trained cytotechnologist reviewed all cases for the presence of cells staining positively with both markers. A case was considered positive if one or more squamous epithelial cell(s) stained both with a brown cytoplasmic stain (p16) and a red nuclear (Ki-67) irrespective of the interpretation of morphologic abnormalities. Slides without any doublestained cells were called negative for p16/Ki-67 dualstain cytology.
Statistical analysis
Of the total of 363 men who were enrolled into the study, 339 (93.4%) had cytology results, 359 (98.9%) had valid Cobas results, 345 (95.0%) had valid PreTect proofer results, and 332 (91.5%) had valid p16/Ki-67 results. All assays were evaluated at the cutoffs specified by the manufacturers as outlined above. To evaluate clinical performance of the different assays, combined endpoints were used based on cytology and histology results to create four disease categories, analogous to what we previously used to improve misclassification of cervical disease endpoints [16, 17] : no dysplasia, including men with a nondysplastic biopsy or without a biopsy and with less than HSIL (<HSIL) cytology; anal intraepithelial neoplasia grade 1 (AIN1), including men with AIN1 histology and <HSIL cytology; AIN2, including men with AIN2 histology or with lower grade, normal, or no histology and with HSIL-AIN2 cytology; AIN3, including men with AIN3 histology or with lower grade, normal, or no histology and with HSIL-AIN3 cytology. Youden's index was calculated as sensitivity þ specificity À 1. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value, with 95% confidence intervals and Youden's index, were calculated for two different endpoints, AIN2 and AIN3 (AIN2þ) combined, and AIN3. Sensitivity and specificity with confidence intervals for all four biomarkers were plotted on a receiver operator characteristics (ROCs) curve graph. Statistical analyses were performed using Stata (StataCorp., College Station, Texas, USA) and summary ROC graphs were created using SigmaPlot (Systat Software San Jose, California USA).
Results
Anal cytology and histology, combined disease categories The median age of men included in the study was 53 years, with an age range from 26 to 79 years. Most men were users of HAART (93%), with 89% having an HIV viral load less than 75 copies/ml and 97% a CD4 cell count higher than 200 cells/ml (82% higher than 350 cells/ml) at the time of enrollment. The majority of men (62%) reported that they were previously evaluated for anal cancer. Overall, 112 (30.8%) men had negative anal cytology results, 73 (20.1%) had ASC-US results, 27 (7.4%) had ASC-H results, and Table 1 shows the crosstabulation of cytology and histology results. We observed 28 patients with high-grade cytology results who had less than AIN2 (<AIN2) histology, including six men without a biopsy, two men without intraepithelial neoplasia in the biopsy, and 20 men with AIN1 in biopsy. To account for misclassification by anoscopy and biopsy placement, we used combined endpoints for the biomarker analyses resulting in four disease categories. One hundred and forty-eight (40.8%) men had no dysplasia (including men without a biopsy and <HSIL cytology), 106 (29.2%) had AIN1, 50 (13.8%) had AIN2 (including HSIL-AIN2 cytology), and 59 (16.3%) had AIN3 (including HSIL-AIN3 cytology). Table 2 summarizes the positivity of carcinogenic HPV DNA testing, HPV16/18 DNA testing, HPV mRNA testing, and p16/Ki-67 testing, in the four anal disease categories. Two hundred and eighty-four of 359 (79.1%) men with HPV DNA test results were positive for carcinogenic HPV, including 59.9% without dysplasia, 84.5% with AIN1, and all (100%) with AIN2 or AIN3. One hundred and thirty-eight of 359 (38.4%) men were positive for either HPV16 or HPV18, constituting about half of the men positive for carcinogenic HPV DNA. There was a significant trend (P < 0.001) of increasing percentage of men testing positive for HPV16/18 with increasing severity of disease, from 13.4% of men without dysplasia to 66.1% for men with AIN3. One hundred and seventy of 345 (49.3%) men were positive for HPVE6/E7 mRNA expression from HPV16, 18, 31, 33, and/or 45. There was a significant trend (P < 0.001) of increasing percentage of men testing positive for HPVE6/E7 mRNA for five carcinogenic types with increasing severity of disease, from 27.0% of men without dysplasia to 81% for men with AIN3. Two hundred and twenty of 332 (66.3%) men were positive for p16/Ki-67 double staining in anal cytology. There was a significant trend (P < 0.001) of increasing percentage of men testing positive for p16/Ki-67 double staining in anal cytology with increasing severity of disease, from 42.1% of men without dysplasia to 93.1% for men with AIN3. Table 3 summarizes clinical performance characteristics of the four markers at two cutoffs, AIN2 and greater and AIN3 restricted to 317 men who had results for all assays. For both endpoints, carcinogenic HPV testing was most sensitive (100% for AIN2þ and 100% for AIN3), followed by p16/Ki-67 (92.3% for AIN2þ and 93.0% for AIN3), HPVE6/E7 mRNA testing (79.8% for AIN2þ and 80.7% for AIN3), and HPV16/18 genotyping (62.5% for AIN2þ and 64.9% for AIN3). The specificity ranged from 22.7% for HR-HPV testing at the 2188 AIDS 2012, Vol 26 No 17 Combined disease endpoints: no dysplasia, including men with a nondysplastic biopsy or without a biopsy and with <HSIL cytology; AIN1, including men with AIN1 histology and <HSIL cytology; AIN2, including men with AIN2 histology or with lower grade, normal, or no histology and with HSIL-AIN2; AIN3, including men with AIN3 histology or with lower grade, normal, or no histology and with HSIL-AIN3. P trend is based on the x 2 -test. AIN1, anal intraepithelial neoplasia grade 1; AIN2, anal intraepithelial neoplasia grade 2; AIN3, anal intraepithelial neoplasia grade 3; HPV, human papillomavirus; HSIL, high-grade squamous intraepithelial lesion.
Biomarker positivity in anal disease categories
Clinical performance characteristics
AIN3 cutoff to 74.2% for HPV16/18 genotyping at the AIN2þ cutoff. When ranking the tests by the maximal Youden's index, which gives equal weight to sensitivity and specificity, HPVE6/E7 mRNA testing ranked highest (Youden's index of 0.42 for AIN2þ and 0.36 for AIN3), followed by HPV16/18 genotyping (Youden's index of 0.37 for AIN2þ and 0.33 for AIN3), p16/Ki-67 staining (Youden's index of 0.36 for AIN2þ and 0.31 for AIN3), and HR-HPV testing (Youden's index of 0.28 for AIN2þ and 0.23 for AIN3). Figure 1 summarizes the sensitivity and specificity with confidence intervals for all four tests in the same graph for AIN2þ ( Fig. 1a ) and AIN3 (Fig. 1b) . Positive predictive values for AIN2þ ranged from 40.3% for HR-HPV testing to 54.2% for HPV16/18 genotyping; for AIN3, positive predictive values ranged from 22.1% for HR-HPV testing to 30.8% for HPV16/18 genotyping (Table 3) , reflecting the high disease prevalence in this population.
Combinations of biomarkers in disease categories
We evaluated the absolute risk of AIN2þ associated with combinations of mRNA testing, p16/Ki-67 testing, and HPV16/18 genotyping among 317 patients with results for all three assays ( Table 4 ). The majority of men (96; 30.3%) were positive by all three tests, followed by men negative for all three tests (75; 23.7%). A large proportion of men were positive for p16/Ki-67, but negative for the other two tests (64; 20.2%). Forty-eight men (15.1%) were positive for mRNA and p16/Ki-67, but negative for HPV16/18 DNA. All other combinations were observed in 10 or fewer patients only. Participants who were positive for all three biomarkers had the highest risk of AIN2þ (61.5%), followed by men who were positive for mRNA and p16/Ki-67 (43.8%), but negative for HPV16/18 DNA. The risk in men who were positive for p16/Ki-67 only was 20.3%. The lowest risk was observed in men who were negative for all three tests (4.0%).
p16/Ki-67 testing at different cutoffs
Although the main analyses for p16/Ki-67 were conducted using a cutoff of one or more dual-stain positive cells that has been recommended in the evaluation of cervical cytology specimens, we also evaluated the performance of p16/Ki-67 at higher cutoffs ( Table 5 ). Increasing the cutoff to two or more doublestained cells led to a minor decrease in sensitivity, but a substantial increase in specificity. A cutoff of five or more double-stained cells decreased the overall test positivity from 66 to 43%. Although the sensitivity for AIN2þ was significantly lower (77.6 vs. 92.3%) at this cutoff, the sensitivity for AIN3 remained unchanged (91.4 vs. 93.0%). The specificity increased significantly for both endpoints, resulting in the highest Youden's indices for all cutoffs (0.51 for AIN2þ and 0.58 for AIN3, respectively) and the highest Youden's index and PPVof all biomarkers analyzed.
Discussion
The risk of anal cancer is high among HIV-infected MSM and comparable to the risk of cervical cancer in the unscreened female population [18, 19] . Infections with carcinogenic HPV genotypes have been identified as causal agents for most anal cancers. Anal intraepithelial neoplasia diagnoses, which are morphologically very similar to CIN, are common among HIV-infected MSM. In analogy to cervical cancer screening, identification and treatment of anal precancers may offer successful secondary prevention of anal cancers in high-risk populations [4] . Currently used screening options include HRA and anal cytology. Both require high standards of training, may have limited reproducibility, and may have limited sensitivity to detect anal precancers in widely implemented screening programs. Several biomarkers for HPV-related disease have been evaluated for cervical Combined disease endpoints: no dysplasia, including men with a nondysplastic biopsy or without a biopsy and with <HSIL cytology; AIN1, including men with AIN1 histology and <HSIL cytology; AIN2, including men with AIN2 histology or with lower grade, normal, or no histology and with HSIL-AIN2; AIN3, including men with AIN3 histology or with lower grade, normal, or no histology and with HSIL-AIN3. AIN1, anal intraepithelial neoplasia grade 1; AIN2, anal intraepithelial neoplasia grade 2; AIN3, anal intraepithelial neoplasia grade 3; HPV, human papillomavirus; HSIL, high-grade squamous intraepithelial lesion; NPV, negative predictive value; PPV, positive predictive value.
cancer screening, including markers of transforming HPV infections that can detect cervical precancers with good reproducibility, sensitivity, and specificity [10] . We sought to conduct phase 2 of a formal evaluation of biomarkers for use in anal cancer screening [20, 21] .
In a population of HIV-infected MSM, we evaluated the performance of several biomarkers for HPV-related carcinogenesis to detect anal precancers. The 363 men included in this study represent a typical clinic population of HIV-infected MSM who are on HAART, have a low viral load, and have a high CD4 cell count. The men were routinely followed for surveillance of AIDS-related diseases.
Overall, about 80% of men enrolled in the study were positive for carcinogenic HPV DNA and 30% had AIN2 or AIN3, figures very similar to what has been reported in a large meta-analysis of HPV infections and HPV-related disease in MSM, demonstrating the high disease burden in HIV-infected MSM [3] .
For all four biomarkers analyzed, carcinogenic HPV DNA, HPV16/18 genotyping, HPVE6/E7 mRNA expression, and p16/Ki-67 staining, we observed an increase in positivity with increasing anal lesion grade. HPV16/18 genotyping had the lowest positivity in the population and increased from 13% in men without dysplasia to 66% in men with AIN3. HPVE6/E7 mRNA detection increased from 27% in men without AIN to 81% in men with AIN3 and p16/Ki-67 increased from 42% in men without AIN to 93% in men with AIN3. Carcinogenic HPV testing had the highest sensitivity and lowest specificity of all biomarkers analyzed. The performance of type-restricted assays such as HPV16/18 genotyping and HPVE6/E7 mRNA expression strongly depends on the HPV genotype distribution in anal disease categories. About 66% of the AIN3 were related to HPV16/18 and about 80% were related to HPV16, 18, 31, 33, or 45. Consequently, p16/ Ki-67, which is not HPV genotype dependent, achieved higher sensitivity for AIN3 (93%), albeit with significantly lower specificity than HPV16/18 genotyping and HPVE6/E7 mRNA expression. When restricting men to those with infection with either HPV16, 18, 31, 33, or 45, HPVE6/E7 mRNA testing and p16/Ki-67 performed very similar (data not shown). When increasing the cutoff of p16/Ki-67 positivity to five or more double Combined disease endpoints: no dysplasia, including men with a nondysplastic biopsy or without a biopsy and with <HSIL cytology; AIN1, including men with AIN1 histology and <HSIL cytology; AIN2, including men with AIN2 histology or with lower grade, normal, or no histology and with HSIL-AIN2; AIN3, including men with AIN3 histology or with lower grade, normal, or no histology and with HSIL-AIN3. AIN1, anal intraepithelial neoplasia grade 1; AIN2, anal intraepithelial neoplasia grade 2; AIN3, anal intraepithelial neoplasia grade 3; HPV, human papillomavirus; HSIL, high-grade squamous intraepithelial lesion.
stain positive cells, the sensitivity for detecting AIN3 remained unchanged, whereas the specificity increased significantly, indicating that a higher threshold for p16/ Ki-67 cytology could lead to better risk stratification.
There are various applications for biomarkers in surveillance of HIV-infected MSM. Biomarkers could be used to identify men with a high risk of anal precancer to initiate further procedures such as HRA and biopsy. For these primary screening markers, a high sensitivity would be desirable; HPV DNA testing or p16/Ki-67 cytology may be suitable candidates. Especially p16/Ki-67 evaluated at a higher cutoff seems to offer a great tradeoff between sensitivity and specificity, with similar detection of AIN3, but significantly higher specificity compared with HR-HPV DNA testing. Performance of p16/Ki-67 at a higher cutoff needs to be evaluated in further studies. Another possible application for anal cancer screening biomarkers could be to identify lesions with highest risk of progressing to anal cancer to identify men that would most benefit from more aggressive diagnostic procedures and immediate treatment rather than expectant management. In analogy to CIN3, and based on the HPV genotype attribution in anal cancers, we assume that AIN3-related HPV16/18 has the highest risk of progressing to cancer. HPV16/18 genotyping or HPVE6/E7 mRNA expression for the five most carcinogenic types could be used as specific markers for lesions at highest risk of progression.
In general, our results demonstrate that biomarkers evaluated for cervical cancer screening can be implemented for surveillance of anal disease in HIV-infected MSM. Our study cannot address the question whether the risk of progression of AIN3 observed in this population is comparable to that of CIN3, thus warranting immediate treatment rather than expectant management. However, the positivity of the four assays was comparable to the corresponding cervical disease categories, suggesting that the functional disease steps up to precancer are very similar at the two sites [10] .
The limitations of the study include the limited sensitivity of HRA to detect prevalent disease. We addressed this limitation by using composite endpoints of HRA and anal cytology, following a model previously established for cervical disease endpoints [16, 17] . The specificity of all biomarkers increased substantially when using composite endpoints rather than histology endpoints alone, supporting the notion that there was disease misclassification based on HRA alone. Because cytology was used to help define the endpoint, we did not evaluate cytology as a screening test, as it would be invalid due to correlations between the test and endpoint.
The strengths of our study include a highly representative population of HIV-infected MSM, performing HRA on all study participants, a high biopsy rate, and an excellent liquid-based anal cytology that was used to improve the clinical endpoints. We performed rigorous sampling for biomarker assays [22] and evaluated the most promising biomarkers established for cervical cancer screening.
In summary, our study demonstrates that molecular features of anal disease categories are similar to those of corresponding cervical lesions. We compared four different cervical cancer biomarkers and showed that they may be useful for different purposes in anal cancer screening. Anal p16/Ki-67 cytology, especially when used at a cutoff higher than the recommended cutoff, may be useful as a primary screening test to decide who should be referred to HRA. Further studies evaluating biomarkers among HIV-infected MSM are warranted. HPV tests and testing for research at a reduced or no cost from Qiagen and Merck. T.M.D. has received research supplies for anal ThinPrep slides from Hologic; however, not for this project.
